The U L 47 gene product, VP8, is the most abundant tegument protein of bovine herpesvirus 1 (BoHV-1). Previously, we demonstrated that a U L 47-deleted BoHV-1 mutant (BoHV1-⌬U L 47) exhibits 100-fold-reduced virulence in vitro and is avirulent in vivo. In this study, we demonstrated that VP8 expression or BoHV-1 infection inhibits interferon beta (IFN-␤) signaling by using an IFN-␣/␤-responsive plasmid in a luciferase assay. As transducer and activator of transcription (STAT) is an essential component in the IFN-signaling pathways, the effect of VP8 on STAT was investigated. An interaction between VP8 and STAT1 was established by coimmunoprecipitation assays in both VP8-transfected and BoHV-1-infected cells. Two domains of VP8, amino acids 259 to 482 and 632 to 686, were found to be responsible for its interaction with STAT1. The expression of VP8 did not induce STAT1 ubiquitination or degradation. Moreover, VP8 did not reduce STAT1 tyrosine phosphorylation to downregulate IFN-␤ signaling. However, the expression of VP8 or a version of VP8 (amino acids 219 to 741) that contains the STAT1-interacting domains but not the nuclear localization signal prevented nuclear accumulation of STAT1. Inhibition of nuclear accumulation of STAT1 also occurred during BoHV-1 infection, while nuclear translocation of STAT1 was observed in BoHV1-⌬U L 47-infected cells. During BoHV-1 infection, VP8 was detected in the cytoplasm at 2 h postinfection without any de novo protein synthesis, at which time STAT1 was already retained in the cytoplasm. These results suggest that viral VP8 downregulates IFN-␤ signaling early during infection, thus playing a role in overcoming the antiviral response of BoHV-1-infected cells.
(IFN-␥), and type III (IFN-) depending on their primary structure (reviewed in references 12 and 13). IFN-␣ and -␤ are synthesized by cells in response to viral infections, whereas IFN-␥ is secreted by activated T lymphocytes and natural killer cells in virus-infected cells. These types of IFN are involved in limiting the growth of target cells and in influencing cell apoptosis, thereby arresting viral spread. The activity of these IFNs is initiated by the binding of IFN-␣/␤ and IFN-␥ to their cell surface receptors (14) . Some IFN-mediated cascades are regulated by the Janus tyrosine kinase/signal transducer and activator of transcription (JAK/ STAT) pathway, whereas others are regulated by STATs to optimize the transcription regulation of target genes (12) . IFN-s are induced by either interferon response factor 3 (IRF3), IRF7, or NF-B pathways (13) . Recently, IFN-was identified as having antiviral properties against numerous viruses.
The activation of the JAK/STAT signaling pathway is initiated by binding of IFN-␣/␤ to their receptors, which are composed of IFNAR1 and IFNAR2 subunits. Upon binding of IFN-␣/␤ to its receptors, the IFNAR1 and IFNAR2 complex activates tyrosine kinase 2 (Tyk2) and Janus kinase 1 (JAK1) by transphosphorylation. Activated Tyk2 phosphorylates IFNAR1 on tyrosine 466, making a platform to bind STAT2. This facilitates phosphorylation of STAT2 by activated Tyk2, which in turn recruits STAT1. The newly recruited STAT1 is phosphorylated on residue tyrosine 701 by JAK1. Phosphorylated STAT1 and STAT2 form a heterodimer, which dissociates from the receptor and then translocates to the nucleus to bind with IRF9 and form a heterotrimeric complex, the IFN-stimulated gene factor 3 (ISGF3) complex. The ISGF3 complex binds to the IFN response element for the induction of IFN-stimulated genes (reviewed in reference 14) .
Most viruses have developed specific mechanisms to circumvent the IFN response, either by reducing IFN production or by downregulating the IFN signaling cascade (14) . For example, rabies virus P protein (15) , simian virus 5 (SV5) V protein (16) , respiratory syncytial virus (17) , human parainfluenza virus type 1 virus V protein (18) , and mumps virus V protein (19) inhibit IFN-␤ signaling by proteasome-mediated degradation of STAT1 or STAT2, by reducing phosphorylation of STAT1 or STAT2, or by inhibiting nuclear translocation of STAT1. During BoHV-1 infection, inhibition of IFN signaling by infected cell protein bICP0 through degradation of IRF3 was observed (20) . In the absence of IRF3 expression, bICP0 inhibits the ability of IRF7 to trans-activate the IFN-␤ promoter (21) . Furthermore, bICP27 inhibits the transcriptional activity of two bovine IFN-␤ gene promoters (IFN-␤1 and IFN-␤3) during transient transfection (22) . However, no other protein of BoHV-1 has been reported to downregulate IFN-␤ signaling.
Since BoHV-1 VP8 is essential for viral replication in vivo, we examined its effect on the IFN signaling pathway. We determined that VP8 downregulates the IFN response both in VP8-transfected and in BoHV-1-infected cells. VP8 interacted with STAT1, and this interaction required two distinct domains of VP8. Furthermore, VP8 acted as an IFN antagonist by preventing nuclear translocation of STAT1.
MATERIALS AND METHODS
Cell culture, virus infection, and IFN treatment. Madin-Darby bovine kidney (MDBK), embryonic bovine tracheal (EBTr), human embryonic kidney HEK293T, and Vero cells were grown in Eagle's minimum essential medium (MEM; Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, Life Technologies, Burlington, ON, Canada), 1% antibiotic-antimycotic (Life Technologies), and 10 mM HEPES buffer (Life Technologies). Cells were cultured with 5% CO 2 in a 37°C incubator. Wild-type BoHV-1 108, BoHV1-⌬U L 47, and BoHV1-UL47R were propagated in MDBK cells (23) . MDBK cells were infected with BoHV-1 at a multiplicity of infection (MOI) of 0.5 unless indicated otherwise. Recombinant human IFN-␤ was purchased from PeproTech Inc. (Rocky Hill, NJ, USA), and bovine IFN-␤ was purchased from Kingfisher (Saint Paul, MN, USA).
Antibodies. VP8-specific mouse monoclonal antibody was used as previously described (8) . Rabbit antibodies specific for bICP0 and bICP4 were made in-house and used as described previously (7, 24) . Rabbit polyclonal anti-STAT1 (catalog no. sc-345), anti-STAT1 p84/91 (catalog no. sc-346), anti-pSTAT1 (catalog no. sc-8394), anti-STAT2 (catalog no. sc-476), anti-ubiquitin (catalog no. sc-8071), and anti-fibrillarin (H-140) antibodies were obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Mouse monoclonal anti-FLAG (catalog no. F3165-0.2MG), anti-actin (catalog no. A2228), and anti-tubulin (catalog. no T6199) antibodies were purchased from Sigma-Aldrich. SV5 V5-specific rabbit antibody was purchased from Invitrogen, Life Technologies.
Plasmids. The U L 47 gene (GenBank accession no. AY530215.1) was cloned into pFLAG-CMV2 (Sigma-Aldrich) as described previously (25) . The VP8 open reading frame (ORF) was subcloned with an N-terminal FLAG tag into an expression vector (named pCMV4.1k) downstream VP8  GAATCTAGAGCCACCATGGACTACAAAGACGATGAC  GGCAGTGAGCGCAACGCAATTAATG  VP8 121-741  GCGGTAGATCTGATTCAAGACTACTTGACGGCCCACCTG  GGCAGTGAGCGCAACGCAATTAATG  VP8 219-741  CGGTAGATCTGATTGAGCGGCTGTCGGAAGGG  GGCAGTGAGCGCAACGCAATTAATG  VP8 343-741  CGGTAGATCTGATTGGCGGCATGTACGTGGGCGCCCCTGAG  GGCAGTGAGCGCAACGCAATTAATG  VP8 538-741  GCGGTAGATCTGATTGCGGCGGCCTTCCGCGAAGTG  GGCAGTGAGCGCAACGCAATTAATG  VP8 632-741  CGGTAGATCTGATTGGCAGCCTGAACCTGCTGCTGAAC  GGCAGTGAGCGCAACGCAATTAATG  VP8 1-120  GAATCTAGAGCCACCATGGACTACAAAGACGATGAC  GAGCTCGAGTCAGCCGTGATTGGGGCCGCGGTTAG  VP8 1-258  GAATCTAGAGCCACCATGGACTACAAAGACGATGAC  GAGCTCGAGTCACTCCCCCGCAGCCGCAGCG  VP8 1-482  GAATCTAGAGCCACCATGGACTACAAAGACGATGAC  GAGCTCGAGTCAGGCCGACTGCAGCCCGGCGCCCGCGTAG  VP8 1-631  GAATCTAGAGCCACCATGGACTACAAAGACGATGAC  GAGCTCGAGTCACAGCCGCTGCGCGATCAGCCC  VP8 1-259  CGCGCCACCAGACATAATAGCTGAC  CAGCGGCACCTCTACCTGAGGCTG  VP8 1-371  CGCGCCACCAGACATAATAGCTGAC  CACGGATCCCCTACGCCTCAGTGGGCGGCA  VP8 259-371  CGCGCCACCAGACATAATAGCTGAC  CACGGATCCCCTACGCCTCAGTGGGCGGCAT  VP8 372-483  CGCGCCACCAGACATAATAGCTGAC  CACGGATCCCTAGTAGCGCTCATTTGCCGTGTAGCC  VP8 631-686 GTGACGGTGCGCGAGGGCACGCT CACGGATCCCCTACCGCCGCTTGCCGGCCAG from a human cytomegalovirus (CMV) promoter with intron A. The resulting plasmid was then used as a template in PCR to generate truncated versions of the FLAG-VP8 ORF, using the primers listed in Table 1 . PCR fragments were cloned back into the pCMV4.1k expression vector to create the constructs described in the text. The ORFs of all constructs were verified as correct by DNA sequencing. The pFLAG-CMV-2 plasmid was purchased from Sigma-Aldrich. The IFN-␣/␤ responsive reporter plasmid, pISREluc, and pRL-TK have been described previously (16) 47 . At 24 h postinfection, the cells were treated with 400 ng/0.5 ml of bovine IFN-␤ or left untreated. Cells were harvested 6 h after IFN treatment in lysis buffer. Firefly and Renilla luciferase activity were assayed in the cell lysates according to the manufacturer's protocol (dualluciferase reporter assay system; Promega, Madison, WI, USA). The relative expression levels were determined by dividing the firefly luciferase values by the Renilla luciferase values. Actinomycin D (ActD; Sigma-Aldrich) was used to treat cells before the luciferase assay. EBTr cells were transfected with pRL-TK and pISREluc for 20 h. The transfected cells were treated with ActD at a concentration of 10 g/ml for 1 h before mock infection or infection with BoHV-1 or BoHV1-U L 47R at an MOI of 4 or with BoHV-1-⌬U L 47 at an MOI of 10. After 1 h, cells were stimulated with bovine IFN-␤ for 1 h. ActD was maintained in the medium throughout the infection. Cell lysates were prepared and luciferase assays were performed as described above.
Preparation of cell lysates. HEK293T and EBTr cells at 80 to 90% confluence were transfected with different plasmids by using Lipofectamine and Plus reagent (Invitrogen, Life Technologies). HEK293T cells were used for coimmunoprecipitation experiments. Cells were incubated with MEM for 48 h, washed with ice-cold PBS (pH 7.3), and lysed in lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, pH 7.4) supplemented with 10 l/ml mammalian cell and tissue extract protease inhibitor cocktail (Sigma-Aldrich). Cells were gently rocked on a nutator for 3 to 4 min and then kept on ice for 30 min before centrifugation at 12,000 ϫ g for 15 min at 4°C. The supernatant was collected in an Eppendorf tube and kept at Ϫ80°C for future use. EBTr cells were used for transfection and BoHV-1 infection. To prepare lysates, BoHV-1-infected cells were collected at 24 h postinfection.
Immunoprecipitation and Western blotting. Cell lysates prepared as described above were incubated with ant-VP8, anti-STAT1, or anti-ubiquitin antibody overnight at 4°C followed by incubation with protein GSepharose Fast Flow beads (GE HealthCare, Niskayuna, NY, USA) for 3 h at 4°C; alternatively, anti-FLAG M2 affinity gel (Sigma-Aldrich) was directly added to the cell lysates, and the mixtures were incubated at 4°C overnight. This was followed by three washes with buffer (50 mM TrisHCl, 250 mM NaCl, 2% Triton X-100, pH 7.4). For Western blotting, 15 to 25 g of the immune complexes or cell lysates was boiled for 5 min after addition of SDS-PAGE sample buffer. Proteins were separated on 10% or 8 to 16% SDS-PAGE gels and then transferred to nitrocellulose membranes. The nitrocellulose membranes were blocked with 5% skim milk in phosphate-buffered saline-Tween-20 (PBST; 3.2 mM Na 2 HPO 4 , 0.5 mM KH 2 PO 4 , 1.3 mM KCl, 135 mM NaCl, 0.1% Tween 20, pH 7.4) for 2 h followed by incubation overnight at 4°C with anti-STAT1, anti-FLAG, anti-VP8, and/or anti-ubiquitin antibodies. The membranes were washed three times with PBST and incubated with IRDye680-conjugated antimouse IgG or IRDye-800CW-conjugated anti-rabbit IgG (LI-COR Bioscience, Lincoln, NE, USA). The proteins were detected with an Odyssey Infrared Imaging system (LI-COR Bioscience) followed by processing of images by Odyssey 3.0.16 application software (LI-COR Bioscience).
Cell fractionation. Cytoplasmic and nuclear fractions were obtained as described previously (26) . Cell fractionation was performed using Nuclei EZ Prep lysis buffer (Sigma). Briefly, cells were collected by trypsinization followed by lysis for 5 min on ice with the Nuclei EZ lysis buffer. The nuclei were collected by centrifugation at 500 ϫ g for 5 min at 4°C. The incubation in lysis buffer and centrifugation were repeated five times to remove any loosely bound cytoskeletal components from the nuclei. The supernatants were pooled as cytoplasmic fraction and concentrated with an Amicon Ultra-15 Ultracel-10K filter unit (Millipore). For nuclear isolation, the nuclei were resuspended in 3 ml of 0.25 M sucrose, 10 mM MgCl 2 , and 1 mM phenylmethylsulfonyl fluoride (PMSF), layered over a 3-ml cushion of 0.88 M sucrose, 0.5 mM MgCl 2 , and 1 mM PMSF, and centrifuged at 2,800 ϫ g for 10 min at 4°C. The nuclear pellet was resuspended in 200 l of the Nuclei EZ storage buffer. The nuclei were counted with a hemocytometer, and equal numbers of nuclei were lysed by incubation with SDS at 100°C for 5 min. The purity of the nuclei was determined by Western blotting with fibrillarin-and tubulin-specific antibodies.
Immunofluorescence and confocal microscopy. Vero cells were plated at a concentration of 2 ϫ 10 5 cells per well in two-chamber Permanox slides (Lab-Tek, Naperville, IL, USA) and mock transfected or transfected with pFLAG-VP8 219-741 or pFLAG-VP8. At 24 h posttransfection, cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 20 min at room temperature (RT) followed by permeabilization and blocking with 1% goat serum and 0.1% Triton X-100 in PBS. FLAGtagged proteins and STAT1 were detected by incubating cells with mouse monoclonal anti-FLAG (diluted 1:1,000) and rabbit anti-STAT1 (diluted 1:50) antibodies for 2 h at RT. MDBK cells were infected with BoHV-1 or BoHV1-U L 47R at an MOI of 4 or with BoHV1-⌬U L 47 at an MOI of 5 for 14 h and then fixed and stained as described above. anti-STAT1 antibodies for 2 h. Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 633 goat anti-rabbit IgG (diluted 1:500; Invitrogen, Life Technologies) were used as secondary antibodies. Finally, mounting medium containing 4=,6-diamino-2-phenylindinole (DAPI) was added, and the slides were air dried for 24 h at RT. The cells were examined and images taken with a Leica SP5 confocal microscope (Leica Microsystems Inc., Concord, ON, Canada), using green laser excitation at 488 nm (Alexa 488), red laser excitation at 633 nm (Alexa 633), and 461 nm for DAPI. Final images were processed using the Image J browser.
RESULTS

VP8 inhibits IFN-␤ signaling.
While VP8 has been reported to be nonessential in vitro, it is critical for replication in cattle in vivo, which suggests that it might have a profound impact on the innate antiviral response. As type I IFN signaling constitutes one of the most powerful antiviral defense mechanisms, we examined whether VP8 plays a role in IFN downregulation by conducting luciferase reporter gene assays with Vero cells in the presence or absence of VP8 expression. Since Vero cells are IFN deficient, IFN-␤ responses were induced by addition of extracellular IFN-␤. Vero cells were transfected with luciferase reporter plasmids pRL-TK and pISRE together with pCMV4.1K, pFLAG-EYFP, or pFLAG-VP8, and cells were stimulated with IFN-␤ at 24 h posttransfection or left untreated. IFN-␤ treatment of Vero cells resulted in induction of luciferase expression compared to un-
FIG 3
Comparison of the amino acid sequences of BoHV-1 UL47 and its homologues. The sequence labels are bovine herpesvirus 1 (BoHV1), human herpesvirus 1 (HHV1), equine herpesvirus 1 (EHV1), suid herpesvirus 1 (SHV1), and gallid herpesvirus 3 (GHV3) UL47 protein. The consensus secondary structure prediction for the UL47 family is shown above the sequences. The prediction was carried out using PROFphd software (47, 48) . Invariant residues are highlighted in bold letters with white boxes, and highly conserved residues are in white bold text surrounded by black boxes. The alignment was generated using UniPro (citation), and the figure was generated using the ESPript server (48) . treated cells (Fig. 1A) . When the cells were transfected with CMV4.1K or FLAG-EYFP, no inhibition of IFN-␤ signaling was observed. However, IFN signaling was reduced to 22% in VP8-expressing cells compared to cells transfected with pCMV4.1K or pFLAG-EYFP. This indicates transcriptional activation of the ISREs due to the formation of ISGF3 transcription complexes in the cells. Treatment of FLAG-VP8-transfected Vero cells with IFN-␤ demonstrated that the expression of VP8 inhibits IFN-␤-responsive transcription. The presence of VP8 in the cell lysates was confirmed by Western blotting with anti-VP8 antibody (Fig. 1B) .
The IFN-␤ response was also investigated in the context of BoHV-1 infection. EBTr cells were transfected with luciferase reporter plasmids, and at 24 h posttransfection cells were mock infected or infected with BoHV-1 or BHV1-⌬U L 47. IFN-␤ treatment of mock-infected cells resulted in significant production of luciferase, in contrast to what was observed for nontreated cells. However, BoHV-1 infection reduced the induction of luciferase expression by IFN-␤ to ϳ20% compared to mock infection (Fig.  1C) , indicating inhibition of IFN signaling. Some luciferase activity was also observed in cells not treated with IFN-␤, which can be attributed to the fact that EBTr cells are not IFN deficient. In BoHV1-⌬U L 47-infected cells, the luciferase activity was higher than that in BoHV-1-infected cells, further confirming the inhibitory effect of VP8 on the IFN response. These results suggest that VP8 functions as IFN-␤ antagonist during BoHV-1 infection.
Some residual downregulation of the IFN response was observed in BHV1-⌬U L 47-infected cells, which could be attributed to the presence of bICP0. To confirm the inhibition of IFN signaling by VP8 in the absence of any immediate early protein expression, ActD was used to inhibit transcription. EBTr cells were transfected with luciferase reporter plasmids, and at 20 h posttransfection cells were or were not pretreated with ActD before mock infection or infection with BoHV-1, BoHV1-⌬U L 47, or BoHV1-U L 47R. In BoHV-1-and BoHV-1-U L 47R-infected cells, the luciferase signal was reduced to ϳ20% without ActD treatment compared to mock-infected cells (Fig. 1D ), while infection with BoHV1-⌬U L 47 reduced IFN signaling to ϳ70%. The expression of VP8 and two immediate early proteins, bICP0 and bICP4, is shown in Fig. 1E . Since ActD is a transcription inhibitor, no expression of immediate early protein was observed in ActDtreated cells as expected. However, VP8 was detected at 2 h postinfection in BoHV-1-and BoHV-1-U L 47R-infected cells regardless of ActD treatment (Fig. 1G) , representing VP8 released from the virions. In the presence of ActD, IFN signaling was again inhibited by BoHV-1 or BoHV1-U L 47R infection to ϳ20%, while the mock and BoHV1-⌬U L 47 infection did not cause downregulation of IFN signaling (Fig. 1F ). These experiments demonstrate that the residual inhibition of IFN signaling induced by BoHV1-⌬U L 47 was due to immediate early gene expression. Furthermore, inhibition IFN signaling was caused by VP8 released from the incoming virions in the absence of any immediate early protein expression.
Identification of STAT1 as an interacting target of BoHV-1 VP8. Since STATs play a critical role in IFN signaling, we determined whether VP8 might interact with STAT1 or STAT2. HEK293T cells were transiently transfected with pFLAG-EYFP or pFLAG-VP8. At 48 h posttransfection, cell lysates were prepared and incubated with anti-FLAG resin ( Fig. 2A) and anti-STAT1 antibody followed by protein G-Sepharose (Fig. 2B) . STAT1 was precipitated from pFLAG-VP8-transfected cells but not from pFLAG-EYFP-or mock-transfected cells (Fig. 2A) . Anti-STAT1 antibody precipitated STAT1 from mock-, FLAG-EYFP-, and FLAG-VP8-transfected lysates (Fig. 2B) , whereas it precipitated VP8 from the FLAG-VP8-but not from mock-or FLAG-EYFPtransfected cell lysates (Fig. 2B) . Expression of VP8 and EYFP in transfected cells is confirmed by Fig. 2C . As further evidence of VP8 interaction with endogenous STAT1, MDBK cells were infected with BoHV-1 or BoHV1-⌬U L 47. At 24 h postinfection, the cells were lysed, and the proteins were precipitated with anti-bovine STAT1 antibody followed by protein G-Sepharose and analyzed by Western blotting. As shown in Fig. 2D , VP8 was precipitated with cellular STAT1 in BoHV-1-infected cells, whereas no VP8 was pulled down from mock-or BoHV1-⌬U L 47-infected cell lysates. The expression of VP8 and STAT1 in BoHV-1-infected cells is shown in Fig. 2F . To determine interactions between endogenous STAT1 and VP8, mock-, BoHV-1-, or BoHV1-⌬U L 47-infected cell lysates were incubated with anti-VP8 antibody followed by protein G-Sepharose. STAT1 was precipitated with VP8-specific antibody in BoHV-1-infected cells but not in mock-or BoHV1-⌬U L 47-infected cells (Fig. 2E) . To identify interactions between VP8 and STAT2, mock-, FLAG-EYFP-, and FLAG-VP8-transfected lysates (Fig. 2G) were subjected to immunoprecipitation with anti-FLAG resin. STAT2 was precipitated neither by FLAG-EYFP nor by FLAG-VP8. The expression of STAT1, VP8, and EYFP is shown in Fig. 2H . These results demonstrate that VP8 interacts with STAT1 in both transiently transfected and BoHV-1-infected cells. However, VP8 did not interact with STAT2.
Identification of interacting domains of VP8 with STAT1. Since the central and C-terminal parts of VP8 are conserved between herpesviruses while the N-terminal part is not (Fig. 3) , it was of interest to determine which domain of VP8 interacts with STAT1. Nine plasmids containing different N-terminally and Cterminally truncated, FLAG-tagged VP8-coding sequences were generated. First, plasmids encoding N-terminally truncated FLAG-tagged VP8 were used to investigate the role of the C-terminal domain of VP8 in the interaction with STAT1. Anti-STAT1 antibody precipitated all N-terminally truncated versions of VP8 (VP8 segment consisting of amino acids 121 to 741 [VP 121-741], VP8 219-741, VP8 343-741, VP8 538-741, and VP 632-741) as well as full-length VP8 (Fig. 4A ) from transfected cells. As all of the N-terminally truncated VP8 versions contain amino acids 632 to 741, this suggests that a STAT1-binding domain is located within this region of VP8. To investigate the involvement of the N-terminal domain of VP8 in the interaction with STAT1, cell lysates with C-terminally truncated VP8 (VP8 1 to 120 [VP8 1-120], VP8 1-258, VP8 1-482, and VP8 1-631) and full-length VP8 were analyzed by immunoprecipitation with anti-STAT1 antibody (Fig.  4C ). This experiment demonstrated that VP8 was precipitated by anti-STAT1 antibody only when amino acids 259 to 482 were retained, and this occurred even though amino acids 632 to 741 were absent. Input cell lysates are presented in Fig. 4B and D. These results indicate that the conserved central and C-terminal parts of VP8 contain two domains, aa 259 to 483 and aa 632 to 741, that mediate its interaction with STAT1. To further define the interacting regions of VP8, four additional VP8 truncations consisting of amino acids 1 to 371, 372 to 483, 631 to 686, and 687 to 741 were generated. These four truncations also contained amino acids 1 to 258, a domain shown not to interact with STAT1, at the N-terminal region to facilitate expression. VP8 259-371, VP8 372-483, and VP8 631-686, but not VP8 687-741, were immunoprecipitated with anti-STAT1 antibody (Fig. 4E) . Input lysates demonstrating expression of these truncated VP8 versions and STAT1 are shown in Fig. 4F . This result demonstrates that domains within the 259 to 482 and 631 to 686 regions of VP8 are required for its interaction with STAT1. HEK293T cells were transfected with pFLAG/pHis-Ub, pFLAG-VP8/pHisUb, and pSV5V/pHis-Ub in the presence or absence of 10 M MG132. At 24 h posttransfection, cell lysates were generated and incubated with His-60 nickel resin in the presence (A) or absence (C) of MG132 followed by Western blotting with anti-STAT1 antibody. Input lysates of pFLAG/pHis-Ub-, pFLAG-VP8/pHis-Ub-, and pSV5V/pHis-Ub-transfected cells are shown in panels B and D. (E and F) HEK293T cells were transfected with pFLAG or pFLAG-VP8. At 24 h posttransfection, cell lysates were generated and incubated with antiubiquitin antibody (E) and anti-VP8 antibody (F), followed by protein G-Sepharose. Monoubiquitinated VP8 was detected by Western blotting with anti-FLAG antibody (E) or with anti-Ub antibody (F).
A schematic presentation summarizing VP8-interacting domains with STAT1 is provided in Fig. 5 .
Effects of VP8 on STAT1 ubiquitination and degradation. STAT1 is a well-known transcriptional regulator. Some viral proteins, such as SV5 V protein, interact with STAT1 and mediate ubiquitination and subsequent degradation of STAT1 (16) . Since BoHV-1 VP8 caused downregulation of IFN-␤ signaling and interacted with STAT1, we investigated whether STAT1 is ubiquitinated and degraded in the presence of VP8 or SV5 protein V, which was used as a positive control for detection of STAT1 ubiquitination. HEK293T cells were cotransfected with pFLAG/pHisUb, pFLAG-VP8/pHis-Ub, and pSV5V/pHis-Ub plasmids in the presence or absence of the proteasomal inhibitor MG132. Since ubiquitin proteases cleave off ubiquitin from polyubiquitinated STAT1, His-Ub plasmid was used for transfection in each sample. To prevent cleavage of ubiquitin from ubiquitinated STAT1, the ubiquitin protease inhibitor guanidium hydrochloric acid was used at a final concentration of 6 M in the lysis buffer. At 24 h posttransfection, cell lysates were generated and incubated with His-60 nickel beads, and protein complexes were analyzed by Western blotting with anti-STAT1 antibody. Figure 6A shows that ubiquitinated STAT1 was not precipitated from mock-and FLAG-VP8-transfected lysates but was pulled down from SV5 Vtransfected lysates. Input lysates are presented in Fig. 6B . In the absence of MG132, STAT1 was not detected (Fig. 6D) and thus not pulled down by His-Ub (Fig. 6C) . VP8 was precipitated by anti-ubiquitin antibody (Fig. 6E ) and anti-VP8 antibody pulled down ubiquitinated VP8 from FLAG-VP8-transfected lysates but not from FLAG-transfected lysates (Fig. 6F) , which confirms that VP8 is ubiquitinated as shown previously and validates the ubiquitin-specific antibody. This demonstrates that, although BoHV-1 VP8 interacts with STAT1, STAT1 is not ubiquitinated by the presence of VP8. Accordingly, STAT1 was not degraded by the proteasome (data not shown). Taken together, these results suggest that BoHV-1 VP8 interacts with STAT1 without mediating ubiquitination or degradation of STAT1.
Effect of VP8 on STAT1 tyrosine phosphorylation. IFN-␣ and -␤ signaling is stimulated by binding of IFN-␣ and -␤ to the cell surface receptors. Engagement of the IFN receptor leads to phosphorylation of STAT1, STAT2, and several other cellular kinases (reviewed in reference 14). To investigate whether VP8 impairs this stage in IFN-␤ signaling, IFN-␤-induced STAT1 tyrosine phosphorylation was examined (Fig. 7) . Vero cells were transfected with pFLAG-EYFP or pFLAG-VP8. At 24 h posttransfection, cells were stimulated with human IFN-␤ for 4 h or left untreated. Cell lysates were separated by SDS-PAGE and transferred to nitrocellulose membrane, and STAT1 and STAT1 phosphorylated at tyrosine residue Y 701 were detected using anti-STAT1 and anti-pSTAT1 antibodies, respectively. As a loading control, actin was detected by anti-actin antibody. STAT1 started to be phosphorylated within 10 min of IFN-␤ treatment, in contrast to nontreated cells, in the presence of both FLAG-EYFP and FLAG-VP8. The total STAT1 and phosphorylated STAT1 amounts were similar in the presence and absence of VP8 in the cells, which indicates that the expression of VP8 does not reduce STAT1 phosphorylation.
VP8 inhibits IFN-␤-induced nuclear accumulation of STAT1. In virus-infected cells, nuclear translocation of STAT1 is stimulated by IFN-␤. In the nucleus, newly imported STAT1 together with STAT2 and IRF9 forms a multiprotein complex, ISGF3, which functions as transcriptional activator (reviewed in reference 14). To further examine which step of IFN-␤ signaling is inhibited by VP8, we examined nuclear accumulation of STAT1 by immunofluorescence. Vero cells were transfected with pFLAG, pFLAG-VP8, or pFLAG-VP8 219-741, which expresses VP8 without nuclear localization signal (NLS). VP8 and STAT1 were detected with anti-FLAG and anti-STAT1 antibodies. As shown in Fig. 8A , IFN-␤ treatment of Vero cells redistributed STAT1 from the cytoplasm to the nucleus, whereas in nontreated cells STAT1 was cytoplasmic. Since the nuclear localization signal of VP8 was removed, VP8 219-741 was completely cytoplasmic and clearly prevented nuclear accumulation of STAT1 following IFN-␤ treatment (Fig. 8B) . Without IFN-␤ treatment of VP8-expressing cells, STAT1 was also cytoplasmic as expected. The translocation of STAT1 to the nucleus was also studied in the context of expression of full-length VP8, which is found mostly in the nucleus, while some of it is cytoplasmic. In almost all of the cells that expressed VP8, STAT1 remained cytoplasmic (Fig. 8C) .
To examine the translocation of STAT1 in the context of infection, MDBK cells were mock infected or infected with BoHV-1, BoHV1-⌬U L 47, or BoHV-1-U L 47R for 14 h. Cells were left untreated or were treated with IFN-␤ and incubated with anti-VP8, anti-gB, and bovine anti-STAT1 antibodies. As shown in Fig. 9A , IFN-␤ treatment of mock-infected cells resulted in the transport of STAT1 into the nucleus, while without IFN-␤ treatment STAT1 was cytoplasmic. However, in BoHV-1-and BoHV-1-U L 47R-infected cells (Fig. 9B) , IFN-␤ treatment did not result in nuclear accumulation of STAT1. To confirm the role of VP8 in inhibition of STAT1 nuclear translocation, MDBK cells were infected with BoHV1-⌬U L 47 (Fig. 9C) . Infection with BoHV1-⌬U L 47 was confirmed by incubation with gB-specific monoclonal antibody. STAT1 was localized in the nucleus of BoHV1-⌬U L 47-infected cells, which confirms the role of VP8 in inhibition of STAT1 nuclear transport. These experiments demonstrated that nuclear accumulation of STAT1was inhibited by the presence of VP8.
The subcellular distribution of VP8 is correlated with STAT1 translocation. To determine how early after infection VP8 might transfected with pFLAG-EYFP or pFLAG-VP8. At 24 h posttransfection, cells were stimulated with IFN-␤ (2,500 units/0.5 ml) for 10, 30, and 60 min, and cell lysates were generated. Twenty-five micrograms of cellular protein were loaded and separated on a 10% gel for Western blot analysis. Phosphorylated STAT1, STAT1, and VP8 were detected by anti-pSTAT1, anti-STAT1, and anti-VP8 antibodies, respectively. As a protein loading control, actin was detected by anti-actin antibody.
be able to retain STAT1 in the cytoplasm, the subcellular localization of VP8 at early and late time points in the context of STAT1 retention was determined. MDBK cells were mock infected or infected with BoHV-1. At 2, 4, 6, or 14 h postinfection, cells were stimulated with IFN-␤ or left untreated followed by VP8 and STAT1 detection (Fig. 10A and B) . VP8 was detected as early as 2 h in the cytoplasm, while STAT1 was retained in the cytoplasm. As BoHV-1 infection progressed to 4 h, some VP8 was localized to the nucleus, but VP8 was also still present in the cytoplasm, as was STAT1. At 6 h postinfection, most of the VP8 was detected in the nucleus, while STAT1 was still cytoplasmic. VP8 was again observed in the cytoplasm at 14 h postinfection. Throughout the period postinfection, STAT1 was detected in the cytoplasm, confirming that the retention of STAT1 was initiated with the incoming VP8 as early as 2 h.
To further confirm the subcellular distribution of VP8 at different stages of infection, cytoplasmic and nuclear fractions were prepared from BoHV-1-infected MDBK cells at 2, 4, 6, and 14 h (Fig. 11) and then examined by Western blotting. The fractionation was validated based on the location of tubulin and fibrillarin, which were used as cytoplasmic and nuclear markers, respectively. In agreement with the microscopy data, VP8 was first detected in the cytoplasm at 2 h. At 4 h postinfection, VP8 gradually started to localize to the nucleus, and at 6 h there was more VP8 in the nucleus than in the cytoplasm. However, at 14 h postinfection most of the VP8 was present in the cytoplasm. According to these data, incoming viral VP8 is present in the cytoplasm and thus is capable of retaining STAT1 in the cytoplasm immediately after infection. Although VP8 then migrated from the cytoplasm to the nucleus, some VP8 was present in the cytoplasm at all times, and at late stages of infection it was again more prevalent in the cytoplasm. Since VP8 is capable of STAT1 retention immediately after infection, this explains its ability to inhibit IFN signaling at the onset of BoHV-1 infection. possibly bICP27 can also downregulate the IFN responses (20) (21) (22) , which might explain the incomplete recovery of IFN signaling in BoHV1-⌬U L 47-infected cells. To test this, ActD was added during BoHV-1 infection, which prevented immediate early gene expression. In ActD-treated cells, downregulation of IFN signaling was observed in BoHV-1-or BoHV1-U L 47R-infected cells, but not in mock-or BoHV1-⌬U L 47-infected cells, which further confirmed the role of VP8 in downregulation of IFN signaling.
DISCUSSION
Despite some homology between the BoHV-1 and human herpesvirus 1 (HHV-1) U L 47 gene products, they differ in several respects. The HHV-1 U L 47 gene product, VP13/14, interacts with polyadenylate-binding protein (PABP) and disrupts the association of PABP with PABP-interacting protein 2 (Paip2) jointly with its binding partner, ICP27 (27) . Since Paip2 remains in the cytoplasm, Dobrikova et al. (27) mentioned that it was unclear whether the Paip2 dissociation is a primary event that happens in the cytoplasm after HHV-1 infection. Shu et al. demonstrated that the HHV-1 UL47 interacts with vhs-RNase and attenuates the degradation of all kinetic classes of viral mRNA and thereby regulates the expression of ␤ and ␥ genes by controlling the expression of ␣ gene products (28) . Thus far, these functions have not been investigated for BoHV-1 VP8. Liu et al. presented data suggesting that HHV-1 VP13/VP14 forms a complex with UL31, UL34, and US3, which are critical for viral nuclear egress, and plays a regulatory role in HHV-1 primary envelopment (29) . However, deletion of BoHV-1 UL47 did not result in impaired nuclear egress (7) . HHV-1 U L 47 (VP13/14) interacts with VP16 or alpha-transinducing factor (␣TIF), and U L 47-deleted HHV-1 demonstrated impaired ability to induce immediate early promoter-regulated expression of a reporter gene (30, 31) , but this effect was not observed for BoHV-1 VP8, as immediate early bICP4 mRNA transcripts were detected at similar levels in wildtype (WT), BoHV1-⌬U L 47, and BoHV1-U L 47R infected cells (7) . In addition, when expressed in Escherichia coli or insect cells, HHV-1 VP13/14, but not BoHV-1 VP8, bound directly to RNA (32) . In contrast, VP8 expressed in mammalian cells interacts with bICP0, gB, gC, and gD mRNAs (24) .
We identified cellular STAT1 as an interacting partner of BoHV-1 VP8 in both VP8-transfected and BoHV-1 infected cells. The domains of VP8 that interact with STAT1 were found to be located in two different regions, VP8 259-482 and 632-686. BLAST sequence analysis of BoHV-1 VP8 demonstrated high homology of amino acids 280 to 735 with U L 47-encoded proteins of human herpesvirus 1 and other herpesviruses and much less sequence similarity in the N-terminal region of amino acids 1 to 259 (Fig. 3) . Furthermore, the predicted secondary structure for amino acids 280 to 735 was mostly alpha-helical, a feature that has previously been implicated in protein-protein interactions (24, 33) . The crystal structure of STAT1 revealed that it has an alphahelical coiled-coil domain starting at residue 130 and a DNA binding domain that is in the center of the STAT1 protein. The coiledcoil domain presents extensive possibilities for protein-protein interaction and, indeed, has been documented as interacting with other proteins (reviewed in reference 34). For example, although the rabies virus P protein binding site on STAT1 could not be precisely determined, the P protein-interacting domain resides in the coiled-coil and DNA binding domain of STAT1 (15) . This suggests that the BoHV-1 VP8 binding site on STAT1 may be present on the coiled-coil or DNA-binding domain. , and 14 h. The cells were collected by trypsinization at the indicated time points, followed by cytoplasmic and nuclear fractionation of proteins isolation as described in Materials and Methods. The resulting fractionations were analyzed by SDS-PAGE followed by detection of VP8 with anti-VP8 antibody. The fractionation procedure was validated by incubation with antibodies specific for the cytoplasmic and nuclear proteins tubulin and fibrillarin, respectively.
Viruses have evolved different mechanisms to antagonize the IFN signaling pathway through STAT1 or STAT2 interaction with viral proteins. For example, several paramyxovirus family members such as human parainfluenza virus 2 and SV5 induce polyubiquitination and degradation of STAT1 to block IFN signaling through the P and V proteins, respectively (35) . The C protein of Sendai virus downregulates IFN signaling by inhibiting STAT1 phosphorylation and STAT1 degradation (36) . The V protein of measles virus, also belonging to the Paramyxoviridae family, blocks IFN signaling by reducing STAT1 and STAT2 phosphorylation (37) . In contrast, mumps virus V protein antagonizes IFNinduced antiviral effects by both degradation of STAT1 and prevention of nuclear translocation of STAT1 (19) . Similarly, the V proteins of Nipah virus and Hendra virus, members of the Henipavirus genus, inhibit IFN-␣/␤ and IFN-␥ signaling by preventing both STAT1 phosphorylation and nuclear translocation (38, 39) . The P protein of rabies virus, belonging to the Rhabdoviridae, neither induces STAT1 degradation nor inhibits STAT1 phosphorylation but prevents STAT1 nuclear accumulation (15) . The viral protein pM27 of mouse CMV (MCMV) inhibits IFN signaling by inducing proteasomal degradation of STAT2 (40) . These examples show that viral proteins antagonize the IFN-induced host antiviral effects through the JAK-STAT signaling pathway in different ways.
VP8 is the first BoHV-1 protein identified as interacting with STAT1, thus contributing to prevention of IFN signaling. Although the expression of BoHV-1 VP8 inhibited IFN signaling, VP8 induced neither ubiquitination nor degradation or phosphorylation of STAT1. However, translocation of STAT1 to the nucleus following IFN-␤ treatment was inhibited by full-length VP8 as well as a truncated form of VP8, which contains the domains for interaction with STAT1. After exposure to IFN, liganddependent tyrosine phosphorylation and STAT1 dimerization take place, followed by the accumulation of STAT1s to the nucleus (41) . The transport of the large protein complexes to the nucleus is facilitated by binding of importin-␣ with the nuclear localization signal (NLS) of STAT1 (42) . Other residues in the coiled-coil domain are also responsible for nuclear import of some STAT proteins (43) . A mutation in the STAT1 leucine residue at 407 (L407A) located in the DNA binding domain inhibited nuclear translocation of STAT1 (42) . Similarly, McBridge et al. showed that STAT1 protein defective in DNA binding failed to accumulate in to the nucleus (42) . The integrity of the DNA binding domain also determines nuclear retention of STAT1 (44) . Since point mutations in the arginine-and lysine-rich residues in the DNA binding domain resulted in defective nuclear import of STAT1 (45), a lack of DNA binding is possibly associated with cytoplasmic retention of STAT1. Thus, an interaction between VP8 and the DNA binding domain or coiled-coil domain of STAT1 could impede the nuclear transport machinery as well as the DNA binding function. The NLS of VP8, amino acids 51 to 54 (RRPR), regulates nuclear localization of VP8 (46) . A truncated version of VP8 consisting of amino acids 219 to 741, which lacks the NLS but contains two VP8-STAT1 interacting domains, was completely cytoplasmic and also able to retain STAT1 in the cytoplasm.
Accumulation of STAT1 to the nucleus was not observed in BoHV1-and BoHV1-U L 47R-infected cells, while BoHV1-⌬U L 47 allowed translocation of STAT1 to the nucleus. BoHV1 VP8 is the most abundant tegument protein of the virion. Previously, the full-length VP8 was observed in the cytoplasm as early as 2 h and was visualized in the nucleus at 5 h postinfection (9) . Thus, interaction of VP8 with STAT1 in the cytoplasm might interfere with the nuclear import of STAT1 early after initiation of infection. We demonstrated that VP8 is present in the cytoplasm at 2 h postinfection, at which time STAT1 was retained in the cytoplasm. Since VP8 is a late protein, this suggests that viral VP8 released into the cytoplasm immediately after initiation of infection counteracts the establishment of an antiviral state by interacting with STAT1 to inhibit IFN signaling.
In summary, our data provide evidence that BoHV-1 VP8 inhibits IFN signaling early after initiation of infection in the absence of immediate early protein synthesis. Inhibition of IFN signaling appeared to occur through interference with nuclear translocation of STAT1 in both VP8-transfected and BoHV-1 infected cells. This is the first BoHV-1 protein shown to interact with cellular STAT1 to inhibit IFN-␤ signaling before the onset of virus replication. These results provide a new functional role for VP8 in BoHV-1 infection and a potential explanation for the lack of viral replication of the U L 47 deletion mutant in cattle.
